Abstract Fine root endophytes (FRE) are arbuscule-forming fungi presently considered as a single species-Glomus tenue in the Glomeromycota (Glomeromycotina)-but probably belong within the Mucoromycotina. Thus, FRE are the only known arbuscule-forming fungi not within the arbuscular mycorrhizal fungi (AMF; Glomeromycotina) as currently understood. Phylogenetic differences between FRE and AMF could reflect ecological differences. To synthesize current ecological knowledge, we reviewed the literature on FRE and identified 108 papers that noted the presence of FRE and, in some, the colonization levels for FRE or AMF (or both). We categorized these records by geographic region, host-plant family and environment (agriculture, moderate-natural, low-temperature, high-altitude and other) and determined their influence on the percentage of root length colonized by FRE in a metaanalysis. We found that FRE are globally distributed, with many observations from Poaceae, perhaps due to grasses being widely distributed. In agricultural environments, colonization by FRE often equalled or exceeded that of AMF, particularly in Australasia. In moderate-natural and high-altitude environments, average colonization by FRE (~10%) was lower than that of AMF (~35%), whereas in low-temperature environments, colonization was similar (~20%). Several studies suggested that FRE can enhance host-plant phosphorus uptake and growth, and may be more resilient than AMF to environmental stress in some host plants. Further research is required on the functioning of FRE in relation to the environment, host plant and cooccurring AMF and, in particular, to examine whether FRE are important for plant growth in stressful environments. Targeted molecular primers are urgently needed for further research on FRE.
Introduction
The root-colonizing fungi known as 'fine root endophyte(s)' (FRE) are presently placed, under the name Glomus tenue, within the phylum Glomeromycota sensu Walker & Schüßler, which has generally been considered to encompass all arbuscular mycorrhizal fungi (AMF; Schüβler et al. 2001) . Recently, however, it has been proposed that the phylum name be replaced with Mucoromycota (Spatafora et al. 2016) , with the inclusion of many former 'zygomycetes'. Higher classifications are not subject to the same rules as those for family and below (McNeill et al. 2011) , so it is up to individual researchers to decide if they wish to follow this classification. For the purpose of this review, the phylum-level classification can be ignored, but FRE and A M F a r e t r e a t ed a t t he s a m e su b p h y l u m l ev e l (Mucoromycotina and Glomeromycotina, respectively). This separation of FRE among the Mucoromycotina, rather than the Glomeromycotina, is consistent with the evidence of Orchard et al. (2017a) who used a combination of careful laboratory technique-including serial dilution and sieving, to enhance colonization by FRE relative to that of AMF-and molecular markers, to show that FRE are phylogenetically aligned with the subphylum Mucoromycotina, not the phylum Glomeromycota. This unexpected finding suggests that FRE are the only arbusculeproducing fungi outside of the Glomeromycota, as currently understood. If the ecology of FRE is shown to diverge from that of AMF, then there will be important implications for the mycorrhizal research community, as the two groups may routinely require separate and deliberate investigation.
To explore the current state of knowledge on FRE, we undertook a review of all published literature on FRE with the aim of identifying any key differences to AMF. We first describe the morphology of FRE and the history of research on FRE. This step was important given the influence of research methodology on findings (for both AMF and FRE). We then investigated the factors that influenced the level of colonization by FRE in isolation and relative to the level of colonization by AMF, using a quantitative meta-analysis of the published literature supported by case studies. The impact of FRE on the host plant is then discussed. We finish by highlighting research gaps and suggesting directions for future research.
Literature search
On 1 March 2016, searches were completed with the Web of Science (www.webofknowledge.com) and Google Scholar (www.scholar.google.com) for papers on FRE published between 1963 and 2015 with the following search criteria: 'fine endophyte' OR 'Glomus tenuis' OR 'Glomus tenue' OR 'Rhizophagus tenuis'. This search was then refined to include only papers in which the description of FRE fitted with the distinct morphological features described in the next section. The search uncovered 116 papers, but only 108 papers that we were confident accurately identified FRE were included for further analysis. While we tried to identify all papers containing observations of FRE, some may have been missed due to the ambiguous nature of the nomenclature and descriptions of FRE (see BEvolution of the nomenclature of, and research on, fine root endophytes^section). A full list of the 108 papers is provided in Table 1 .
Morphology of the colonization and spores of fine root endophytes
The morphology of FRE is distinctive when stained within plant roots, rendering it distinguishable from 'coarse' AMF (herein AMF; Fig. 1 ). While FRE may stain darker than many forms of AMF (Daft and Nicolson 1974; Rabatin 1979; GianinazziPearson et al. 1981) , because of their fine nature, their features are best viewed at a magnification of ≥×100. In the epidermis and outer cortex of the root, FRE produce a fan-shaped or palmate entry point, followed by diverging fine hyphae (<2 μm diameter) branching both intra-and intercellularly to spread within the root cortex ( Fig. 1a) (Greenall 1963; Gianinazzi-Pearson et al. 1981; Abbott 1982) . Multiple hyphae of FRE may group within interor intracellular spaces, sometimes forming 'ropes' of hyphae (Nicolson and Schenck 1979; Greenall 1963; GianinazziPearson et al. 1981) . The aseptate hyphae produce terminal and intercalary swellings, approx. 5-10 μm in diameter, which have been referred to as vesicles (Fig. 1a, b) (Thippayarugs et al. 1999) . Their function is unknown, and they are much smaller than the vesicles, or intraradical spores, of AMF. For instance, the intraradical spores (referred to as vesicles by Plenchette and Strullu (2003) ) of the arbuscular mycorrhizal (AM) fungus Rhizophagus intraradices are 93-119 × 112-131 μm (Schenck and Smith 1982) (Fig. 1e ). It should be noted that the literature on 'vesicles' of AMF is confusing, and makes it difficult to ascertain whether or not there is a significant difference between spores and vesicles of AMF. Mosse and Bowen (1968) , following Schrader (1958) , used the terms interchangeably. As yet, there seems to be no evidence that vesicles of FRE and AMF are either analogous to, or homologous with, each other.
Fine root endophytes form arbuscules in the mid to inner cortex of the root (Gianinazzi-Pearson et al. 1981) (Fig. 1a, b) . When colonies of FRE and AMF intermingle, which is often the case, their arbuscules are difficult to discriminate, although the arbuscule 'trunk' of the former may be less prominent (Fig. 1d, f) (Gianinazzi-Pearson et al. 1981) . Spores of FRE (sensu Hall 1977 ) are reported to be ≤20 μm in diameter and colourless when young (Fig. 1c) , turning dark brown with age (Hall 1977; Brundrett et al. 1996) , attributes which perhaps have caused them to be rarely observed. Indeed, in some studies, FRE were reported to be non-sporulating (Baylis 1969) . Hence, due to the fine morphology and often colourless spores, both requiring special, deliberate attention, FRE may have been overlooked, or not characterized separately from AMF, in many studies of mycorrhiza.
The species diversity of FRE is unknown. Close observation of the roots of Trifolium subterraneum, where AM fungal colonization was significantly reduced, Thippayarugs et al. (1999) identified five morphological types of FRE. It is, therefore, possible that FRE consist of several species (Thippayarugs et al. 1999; Orchard et al. 2017a) ; hence, FRE are referred to as a species complex in this review.
Evolution of the nomenclature of, and research on, fine root endophytes
The first published description of FRE, as R. tenuis, was by Greenall (1963) from the roots of a woody plant native to New (Fig. 2 ). Since then, as long as visual observation was the key method to assess mycorrhizas and FRE were deliberately examined, their dark staining and distinct morphology made it relatively easy to compare colonization levels with 'other' or 'coarse' AMF (Crush 1975) . Such comparison was the hallmark of plant growth experiments and studies investigating competitive interactions between FRE and AMF in the 1970s and 1980s (Crush 1973a; Abbott and Robson 1978, 1982) . Over this period, descriptions of FRE in the literature were inconsistent, some authors included them as AMF, using the term 'fine endophyte' or the names G. tenuis or G. tenue, while others did not include them as AMF (Fig. 2) . However, by the 1990s, research interest in FRE was clearly not keeping pace with that of AMF, with FRE only mentioned in 1.7% of the AM research literature in the 1990s and <0.9% since 2000, even when including papers which simply mentioned their presence ( Fig. 2 ; Table 2 ). This shift in research focus away from FRE was driven, in part, by the difficulty of producing root colonization by FRE without the presence of AMF (often referred to as a pot culture or, usually erroneously, an isolate). The tiny spores of FRE ( Fig. 1c) cannot easily be separated from soils or roots; therefore, no spore-based pot cultures have ever been produced. In 1963, Greenall attempted to grow FRE on agar as a pure culture, but without success. Occasionally, FRE have survived soil sterilization or pasteurization processes and contaminated non-AM fungal control pots (e.g. Arines et al. 1988) . However, several studies have used soil treatments, such as serial soil dilutions, to increase colonization by FRE and The occurrence of '(a)' in the author column indicates which studies used an isolate/pot culture of FRE and detailed the origin or source. Environment category: agriculture (Ag), moderate-natural (Nat), low-temperature extreme (Temp), high-altitude extreme (Alt) or other. The % symbol next to the category indicates that data on the percentage of root length by FRE and arbuscular mycorrhizal fungi were provided. Meta-analysis: Y data used in the meta-analysis, N no data available or data incompatible, Ex. data excluded, Gh glasshouse experiment. See the reference list for full publication details reduce colonization by AMF (e.g. Wilson and Trinick 1983b; McGee 1989; Thippayarugs et al. 1999; Orchard et al. 2017a (Table 1) . As these cultures were often used for consecutive experiments and exchanged among research groups, it appears that FRE may have only been established in pot culture a few times in a few places, including New Zealand (Crush 1973a) , Australia (Abbott 1982) and South Africa (Turnau et al. 2013) . Experimentation with AMF generally followed similar protocols with regard to pot cultures-since AMF are easier to isolate and culture than FRE, this likely contributed to the greater number of papers on AMF (Table 2) . From the 1990s onwards, AM fungal research shifted towards species reported to be more beneficial for plant growth, and for which spores and single species pot cultures were available (e.g. Funneliformis mosseae and Rhizophagus irregularis) ( Table 2) .
In addition to the challenge of producing a pot culture of FRE, there were further hindrances to research on FRE, such as (i) the general taxonomic uncertainty of the identity of FRE (Fig. 2) ; (ii) FRE appear to be more sensitive to host-plant changes and plant-sample storage methods than AMF, which may reduce the detection of FRE (Orchard et al. 2017b) ; and (iii) the reduced reliance on light microscopy to assess AMF due to advances in molecular methods combined with the development of primers that target AMF but, in most cases, do not target FRE (Orchard et al. 2017a ). This last point means that molecular studies of AM fungal diversity do not include FRE. Thus, the abundance and diversity of root-colonizing, arbuscule-forming fungi may be much higher than that suggested by molecular studies alone. Fig. 1 Images of root colonization structures by fine root endophytes (FRE) and, in contrast, arbuscular mycorrhizal fungi (AMF): a FRE within the roots of Trifolium subterraneum (reproduced from Orchard et al. (2016) ); b morphological features of FRE, an arbuscule (a), a swollen hypha (sw) and a (terminal) vesicle (tv) (reproduced from Thippayarugs et al. (1999) ); c a spore of FRE (white arrow) attached to fine hyphae on the root surface; d stained hyphae (black arrows) and arbuscules (A) of FRE in Plantago lanceolata; e an AM fungal spore (Diversispora epigaea); and f stained hyphae and arbuscules of AMF (Acaulospora sp.) in Mirbelia dilatata. Scale bars are all 50 μm
Meta-analysis methods
A meta-analysis was undertaken using data extracted from the papers identified in the literature review. In 69 of the 108 papers, colonization by FRE and AMF was not separately quantified, and many papers reported only the presence or absence of FRE rather than quantitative colonization data. Furthermore, the most commonly used method to quantify mycorrhizal colonization (the magnified gridline intersect method) was not published until McGonigle et al. (1990) . Before this time, the methods for quantifying colonization were inconsistent, and thus data are difficult to compare robustly among studies, and the data from some studies were not compatible for the meta-analysis (Table 1) . Only 21 papers had FRE as the focus of the research.
We extracted two sets of data from the 108 papers. First, from all 108 publications, we extracted all observations of FRE both qualitative and quantitative; these data were expressed as presence or absence. Second, from the subset of papers where Fig. 2 Timeline of the nomenclature and descriptions of fine root endophytes (FRE) from 1963 to date, describing the changing classifications and research focus relative to that of arbuscular mycorrhizal fungi (AMF) colonization was quantified, we extracted all data on colonization level by AMF and FRE. There were often multiple data points extracted from a paper due to the presence of more than one hostplant species. For each data point extracted, we noted the following (where information was available):
1. Geographic region (Australasia, USA-Canada (including the Canadian Arctic), Europe, South America, Asia, Africa, and sub-Antarctica, i.e. islands off the coast of Antarctica). 2. Host-plant family (Poaceae, Fabaceae, etc.). 3. Environmental category based on the dominant environment in the study:
& Agriculture-plant or soil samples taken from agricultural fields, or focused on agricultural plant species, which had a high level of anthropogenic disturbance. These were often glasshouse experiments, and this has been included as a factor within the meta-analysis. & Moderate-natural-plant samples collected from an environment with relatively low anthropogenic disturbance and not considered subject to extreme conditions. & High-altitude (extreme)-plant samples collected from alpine regions ≥1000 m. Samples collected from <1000 m were placed into the moderate-natural category. & Low-temperature (extreme)-plant samples collected from the sub-Arctic or sub-Antarctica and, therefore, subject to extremely low temperatures for long durations. & Other-sampling or experimental conditions falling outside the criteria for the previous categories (for example, pH or CO 2 gradients).
The choice of these environment categories was informed by observations that colonization by FRE increased, compared to that of AMF, at higher elevations and lower temperatures (Crush 1973b; Read and Haselwandter 1981; Newsham et al. 2009 ), and reports of high colonization in agricultural environments and crops (Crush 1973a; Abbott and Robson 1978, 1982) .
4. Glasshouse (pot) or field experiments. 5. Whether or not an isolate of FRE was used; studies where inoculation with FRE occurred were excluded from the meta-analyses. Table 1 lists all papers and how each was allocated to the above categories. The observation dataset (FRE presence/absence) was simply analysed by summarizing the number of data points relative to the factors, or combinations of them, listed above, and the results are discussed throughout the review. The quantitative colonization level dataset was analysed with a statistical meta-analysis following the methods used by Hoeksema et al. (2010) . All statistical analyses for the meta-analysis of the quantitative colonization level dataset involved fitting mixed-effects models in R, using the base, nlme and multcomp packages (Hothorn et al. 2008; R Core Team 2014; Pinheiro et al. 2014) . We considered two dependent variables: (i) the percentage of root length colonized by FRE and (ii) the proportion of total colonization that consisted of FRE. The latter we termed the 'FRE colonization ratio'. It was calculated using the formula:
Root length colonized by FRE % ð Þ .
Root length colonized by FRE
We included region, plant family, environment and glasshouse (whether the data came from a glasshouse/pot study or not) as fixed effect explanatory variables. We also included a random effect for 'study' which was included to avoid 17 May 2016 Web of Science search within dates, using topic search criteria: (a) '*arbuscular mycorrhiza*' OR 'VAM'; (b) 'fine endophyte' OR 'Glomus tenuis' OR 'Glomus tenue' OR 'Rhizophagus tenuis' (plus the equivalent search in Google Scholar); (c) 'Glomus mosseae' OR 'Funneliformis mosseae'; (d) 'Glomus irregularis' OR 'Rhizophagus irregularis' OR 'Glomus intraradices' (G. intraradices was included within this search due to historical confusion in the literature over these AM fungal species)
pseudo-replication by accounting for possible within-study correlations. We weighted each data point by the number of replicates in each study. Using log ratios for the statistical analysis ensured that the model assumptions regarding normality and homoscedasticity of residuals were met. The significance of model terms was tested using the 'ANOVA' function and confirmed using marginal likelihood ratio tests and AIC comparison, which all agreed in all cases. Where models indicated that global effects were significant, Tukey tests and subset ANOVA were used for pairwise comparisons. Statistical significance was determined at P = 0.05.
Distribution of fine root endophytes
Observations of colonization by FRE come from studies undertaken on all continents, including islands off the coast of Antarctica ( Fig. 3 ; Fig. 3) . Undoubtedly, the number of observations of FRE in a particular region is influenced by an interest in FRE by particular researchers or research groups (e.g. Abbott in Australia, Crush and Powell in New Zealand and the Basinger-Kaminskyj research group in Canada). Thus, regions with no reports of FRE have likely never been deliberately sampled for FRE; it seems unlikely that FRE are absent. In the subset of papers that quantified colonization, instances of high colonization by FRE were reported from all regions, although AMF were usually dominant. The metaanalysis showed that for field-grown plants, median colonization of FRE by region was around 20% of root length, and the median FRE colonization ratio was <20% for Australasia and Europe but was significantly higher for USA-Canada at~50% (Figs. 4 and 5, P < 0.001). For USA-Canada, much of the data were from an extreme environment (i.e. low temperature) and the reports of high colonization by FRE and high FRE colonization ratios were mostly from the Arctic (e.g. Olsson et al. 2004; Ormsby et al. 2007; Hodson et al. 2009; Walker et al. 2010) . Even so, the limited data for less extreme environments from the same region showed that the level of colonization by FRE in Equisetaceae in the Canadian prairies did not differ from that of Equisetaceae in the Canadian Arctic (Hodson et al. 2009 ; BExtreme environments^section). Further, there were instances from Australasia where colonization by FRE equalled or exceeded that of AMF, and colonization by FRE was >50% of root length; these included pastures in Western Australia (Abbott and Robson 1982; Orchard et al. 2016) and New Zealand (Crush 1973b (Crush , 1975 , crops in New South Wales (Ryan and Kirkegaard 2012) and native woodlands in New Zealand (Cooper 1976) .
Overall, our review demonstrates that AMF generally dominate the community of arbuscule-forming root fungi in the field. However, it is also apparent that FRE, like AMF, are globally distributed with instances of high colonization reported in all regions. While the meta-analysis suggested that both the level of colonization by FRE and the FRE colonization ratio may be higher in USA-Canada, this could be due to bias towards extreme environments in the data from that region. This result is discussed further in the section BExtreme environments^.
Plant families that host fine root endophytes
Observations of colonization by FRE came from 53 plant families, with the highest number for any family being for the Poaceae (n = 155 observations of 527). Almost 45% of Poaceae observations were from Australasia, and many of these were of grasses growing in New Zealand (e.g. Dactylis glomerata, Lolium perenne, Poa colensoi and Festuca novaezelandiae). The majority of observations in Poaceae were from moderate-natural environments (n = 75 observations of 155), followed by agriculture (n = 40). In addition, alpine plant surveys, such as those by Read and Haselwandter (1981) and Schmidt et al. (2008) , examined numerous plant species and included reports of colonization by FRE from many Poaceae species. To examine whether the prevalence of Poaceae represented a preference by FRE for this family or a sampling bias, we recorded the relative occurrence of Poaceae from the 13 studies that sampled >10 plant species. These studies included 333 sampled plants, of which 25% were Poaceae. As Poaceae is the fifth largest plant family in terms of species number, exceeded by both Fabaceae and Asteraceae, it appears that a disproportionately high number of samples did originate from Poaceae. This is perhaps due to (i) Poaceae being relatively easy to sample (herbaceous and often commonly occurring); (ii) grassland-type ecosystems being more often studied, as opposed to woodlands and other systems; (iii) Poaceae species being used for agricultural crops; and/or (iv) Poaceae being ubiquitous.
In the subset of papers that quantified colonization that was used in the meta-analysis, colonization ranges for FRE were mostly similar across the top eight observed plant families, although the observation number was low for most families other than Poaceae and Fabaceae. The meta-analysis found no significant effect of family on the level of colonization by FRE, but there was a significant effect of family on the FRE colonization ratio, largely due to a high ratio for the Equisetaceae (Figs. 4 and 5, P < 0.001). This family is represented by a single genus, Equisetum, an ancient plant genus with ancestral links to Devonian plant groups (Hodson et al. 2009 ). Colonization of Equisetum by both FRE and AMF has been reported, but overall, the fungal associations of these plants are little understood (Fernandez et al. 2008; Hodson et al. 2009 ). We also note that there are reports of colonization by FRE from families which are normally considered to be non-or rarely mycorrhizal (e.g. Caryophyllaceae, Juncaceae) Table 1 and the Reference list for the countries and full publication details Fig. 4 The reported fine root endophyte (FRE) colonization level by those factors found significant in the meta-analysis: region (P < 0.0001), environment (P < 0.0001) and whether the study was a glasshouse/pot experiment (white) or field-based (grey) (P < 0.0001); there was no effect of plant family (P > 0.05). Boxes show median and upper and lower quartiles, and whiskers indicate the full range. The width of boxes is proportional to the square root of the number of data values. Visual differences here may not match statistical modelling and testing results because weighting by sample size is not included here. Untransformed data are plotted to ensure a meaningful scale (Brundrett 2009 ). However, these were few (≤7), with colonization of ≤10%.
In summary, FRE colonize a wide range of host plants and, therefore, appear similar to AMF in this regard (Brundrett 2009 ). There is some suggestion of host-plant preference, with high colonization by FRE relative to that of AMF in the Equisetaceae.
Effect of environment on colonization by fine root endophytes
The meta-analysis of the subset of papers that quantified colonization demonstrated that colonization by FRE varied among the five environmental categories we designated, with agriculture, low-temperature and other being higher than highaltitude and moderate-natural (Fig. 4 , P < 0.001). However, the meta-analysis found no statistically significant impact of environment on the FRE colonization ratio (Fig. 5 , P = 0.12). Below, we explore these findings in more detail with reference to three environments.
Agricultural environments
Observations of colonization by FRE for agricultural plants and in agricultural environments come from around the globe (Table 1 ). The colonization levels by FRE in agricultural environments ranged from 5 to 86% (n = 68). The majority of observations of colonization by FRE in agricultural environments originated from Australasia (n = 75 of 90). Therefore, we examined records for Australia and New Zealand in more detail.
Of the observations of colonization by FRE within Australian agricultural systems, most were from Western Australia (13 studies) for Trifolium subterraneum, the predominant (exotic) annual pasture legume in southern temperate Australia (Nichols et al. 2012) . In these studies, colonization by FRE ranged from 5 to 79% of root length (n = 36). An excerpt from these data for 20 soils grown in a glasshouse pot experiment is shown in Fig. 6 . It demonstrates that although AMF are generally dominant, FRE are a significant presence, being found in the roots of plants grown in every soil and with colonization levels often >20% of root length. Moreover, in 20% of the soils, FRE were dominant relative to AMF, and importantly, colonization levels by FRE and AMF did not vary in a similar manner among soils (Fig. 6a) . In the one agronomic crop rotation experiment from Australia where FRE were distinguished from AMF, colonization by FRE was high for both Pisum sativum at up to~40% of root length and Triticum aestivum at up to 60% of root length (Ryan and Kirkegaard 2012; Fig. 6b ). Further, for Trit. aestivum, FRE and AMF responded differently to agronomic treatments with colonization by FRE less affected by the previous crop (perhaps due to higher inoculum levels in soil) but reduced to a Fig. 5 The fine root endophyte (FRE) colonization ratio by those factors found significant in the meta-analysis: region (P < 0.0001), family (P < 0.0001) and whether the study was a glasshouse/pot experiment (white) or field-based (grey) (P < 0.0001); there was no effect of environment (P > 0.05). Boxes show median and upper and lower quartiles, and whiskers indicate the full range. The width of boxes is proportional to the square root of the number of data values. Visual differences here may not match statistical modelling and testing results because weighting by sample size is not included here. Untransformed data are plotted to ensure a meaningful scale greater extent by the addition of P fertilizer. Interestingly, a recent review failed to demonstrate an agronomically significant role for AMF in the growth and yield of field crops of southern Australia (Ryan and Kirkegaard 2012) . Perhaps high levels of colonization by FRE, unrecognized because of being included mostly within the total AM fungal assessment data, influenced this outcome.
In New Zealand, colonization by FRE in agricultural environments ranged from 9 to 85% of root length (n = 22) and these studies were dominated by grasses. However, recent sampling of Trif. subterraneum in New Zealand pastures (not included in our meta-analysis) found that FRE often colonized 40-50% of root length, a level of colonization generally similar to that of AMF (Fig. 7) . Further, at~10% of the sites, FRE were dominant relative to AMF (Fig. 7) . Taken together, the data presented in Figs. 6 and 7 suggest that FRE and AMF are a substantial component of the arbuscule-forming fungal community in the agricultural environments of southern Australia and New Zealand.
The meta-analysis suggests that both total colonization by FRE and the abundance of FRE relative to that of AMF are strongly favored in glasshouse pot experiments compared with field conditions (Figs. 4 and 5, P < 0.001 in both cases). The reasons why FRE may be favored in glasshouse pot conditions are unknown, but may include more constant temperature and soil moisture regimes than in the field; a high degree of physical disturbance to substrate in the process of filling pots; and AMF being less tolerant of such conditions allowing FRE to out-compete them. The data presented in Figs. 6 and 7 show that colonization by FRE may be equal to, or greater than, that of AMF in agricultural field conditions; this suggests that disturbance may be a factor which favors FRE.
Different colonization responses for FRE and AMF in agricultural systems have been reported in several other studies. For instance, colonization by FRE was increased, sometimes more so than that of AMF, in response to cooler, wetter conditions in Australia (McGee 1989; Braunberger et al. 1997) , and at the beginning of the growing season (Thippayarugs et al. 1999) . In a pasture in Western Australia, the colonization by FRE, relative to that of AMF, increased greatly in riparian zone soils compared with soils higher in the landscape due to both an increase in colonization by FRE and a decrease in colonization by AMF (Orchard et al. 2016) . Thus, there is some evidence to suggest that FRE and AMF occupy different, albeit likely overlapping, ecological niches in agricultural environments.
Moderate-natural environments
Observations of colonization by FRE from within moderatenatural environments were more evenly distributed across regions than those for agricultural environments: Australasia n = 96, USA-Canada n = 79 and Europe n = 55 (of 231 observations). Reported levels of colonization by FRE were 0-73% (n = 128). From the Australasian region, the majority of observations for FRE were from New Zealand natural landscapes (n = 92 from 17 plant families). Colonization ranged from 2 to 46%. Once again, observations were dominated by Poaceae (n = 34), wherein colonization by FRE occasionally exceeded or equalled that of AMF, e.g. Anthoxanthum odoratum and P. colensoi (Fig. 8) . In addition, there were reports from a variety of species in the Fabaceae, wherein colonization by FRE occupied up to 30% of root length in Trifolium species (Fig. 8) . Note that colonization by FRE was always much lower in New Zealand moderate-natural environments than in agricultural environments (Fig. 7) , while colonization by AMF in moderate-natural environments Fig. 6 The percentage root length colonized (mean + standard error) by fine root endophytes (dark green) and arbuscular mycorrhizal fungi (grey) reported for field soils and field experiments of winter-grown annual agricultural pastures and crops in southern Australia. a Trifolium subterraneum grown in a range of agricultural field soils (A to T) from Western Australia within a glasshouse pot experiment (adapted from Abbott and Robson (1982) ). b Triticum aestivum grown in an agronomic field experiment in southern New South Wales with either no added phosphorus (No P) or added phosphorus at 20 kg ha −1 (Plus P), and following five crop rotations or treatments: pasture (Past), linseed (Lin; Linum usitatissimum), plant-free long fallow maintained with chemicals (CF) or tillage (TF), or canola (Can; Brassica napus) (adapted from Ryan and Kirkegaard (2012)) varied considerably among hosts, but still frequently reached the high levels found in pastures.
In Australia, there were four observations of FRE from natural landscapes (Fabaceae and Plantaginaceae species), but no accompanying colonization data (Abbott and Robson 1978; Hall and Abbott 1984) . In USA-Canada, colonization by FRE in natural landscapes ranged from 2 to 73%, while in Europe, the range was 1 to 43%. Interestingly, in Central Europe, Smilauerova et al. (2012) found that FRE were abundant in Plantago seedlings, while AMF dominated in mature plants.
To summarize, colonization by FRE appears common in moderate-natural environments from around the globe. In New Zealand, colonization by FRE appears to be substantially lower in moderate-natural environments than in agricultural environments. The reasons for this difference are unknown.
Extreme environments
There were 64 observations of colonization by FRE from lowtemperature environments. The meta-analysis suggested higher colonization by FRE in these environments (P = 0.004), but no shift in the FRE colonization ratio (Figs. 4 and 5) . However, a different picture emerges when these data are explored in more detail. Within the Canadian Arctic, relatively high colonization by FRE and clear dominance of FRE relative to AMF was reported in the Ranunculaceae and, to a lesser extent, the Equisetaceae and Poaceae (this trend was reversed in natural-moderate environments-data not shown). For all three families, there was a much broader range of colonization levels for FRE than for AMF ( Fig. 9 ; Olsson et al. 2004; Ormsby et al. 2007; Hodson et al. 2009; Walker et al. 2010) . In contrast, colonization levels by FRE and AMF were similar for the Asteraceae. Hence, there appears to be a species-specific interaction among host plants and their fungal symbionts in response to lowtemperature environments, as has been observed under waterlogging (Orchard et al. 2016; see below) . This interaction could reflect differences among plant species in the root physiological and morphological response to these environments. In addition, in specific low-temperature plant communities, FRE may come to dominate AMF due to a competitive release from AMF in response to few plants being present that host AMF and, hence, low levels of AM fungal inoculum (Newsham et al. 2009 ). For instance, bryophytes such as liverworts, and lycopods (club mosses) tend to be persistent plant forms in these environments (Newsham et al. 2009) , and mucoromycotinian fungi (including FRE) may be the dominant endophytes of these plants (Rabatin 1980; Turnau et al. 1999; Field et al. 2015; Kowal et al. 2016) .
While some authors have observed that FRE may dominate at high altitudes (Crush 1973b; Read and Haselwandter 1981) , our meta-analysis does not support this (Fig. 4) . Indeed, there was weak evidence that the FRE colonization ratios were lower in high-altitude than moderate-natural environments (P = 0.025), where observations of FRE were dominated by Poaceae and Asteraceae (n = 18 and 13 of 87 observations, respectively). In particular, within Europe, many of the observations were from plant surveys of alpine regions of altitudes >1000 m, and the FRE colonization ratio was lower (Fig. 5 , P = 0.01). However, several factors may have influenced this result, as the high-altitude category included a wide range of altitudes (1000 to >4000 m) which may have introduced variability within the data. For example, some alpine slopes at the lower end of the range may receive fertilizer application or be grazed in the warmer Fig. 7 The percentage root length colonized (mean + standard error) by fine root endophytes (dark green) and arbuscular mycorrhizal fungi (AMF) (grey) for Trifolium subterraneum sampled from 30 pastures in New Zealand in October 2014 (Suzanne Orchard, unpublished data) months (e.g. Read and Haselwandter 1981) , whereas slopes at the higher end of the range would be subject to extreme conditions such as low temperatures, nutrient deficiency and erosion.
Additional studies of FRE from extreme environments were included within the 'other' category due to their unique nature. In these, several authors again reported that the response of FRE differed from that of AMF. For example, nitrogen eutrophication of soil, low pH and primary successional, metal-contaminated and waterlogged soils were all reported to be more favorable for FRE than AMF (Daft and Nicolson 1974; Arines et al. 1988; Sainz et al. 1990; Sigüenza et al. 2006a, b; Postma et al. 2007; Göransson et al. 2008; Orchard et al. 2016 ). However, colonization by FRE did not increase, and may have decreased, in response to increased soil CO 2 concentrations, or soil warming, while both were favorable for AMF (Rillig et al. 1999; Rillig and Field 2003; Staddon et al. 2004; Olsrud et al. 2010) . Further, Turnau et al. (2013) hypothesized that FRE help to immobilize toxic metals in contaminated soils. Interestingly, for the waterlogged soils mentioned above, the favorable effect on FRE was far more prominent for Lotus subbiflorus than for Lolium rigidum, even though both are considered waterlogging tolerant (Orchard et al. 2016 ). This again suggests an interaction with host-plant physiology or, perhaps, root morphology.
In summary, colonization by FRE can be high in some extreme environments, particularly in low temperatures, and in these environments, FRE may dominate over AMF in some host plants. It is unknown whether high colonization by FRE results from the environmental extreme favoring their growth Fig. 8 The percentage root length colonized (mean + standard error) by fine root endophytes (dark green) and arbuscular mycorrhizal fungi (AMF) (grey) for various plants sampled in New Zealand from a natural environment (data reproduced from Crush 1973b from Crush , 1975 ) Fig. 9 The percentage root length colonised by fine root endophytes (FRE) and arbuscular mycorrhizal fungi (AMF) from low-temperature environments in the Canadian Arctic (Olsson et al. 2004; Ormsby et al. 2007; Hodson et al. 2009; Walker et al. 2010 ) from Asteraceae, Equisetaceae, Poaceae, Ranunculaceae and Rosaceae (n = 24, 14, 4, 14 and 2, respectively). The boxes show the median, 90th percentiles and outliers (black dots) of the reported data or a competitive release from AMF, or other edaphic factors such as nutrient availability. In some instances, competitive release could result from a lack of plant hosts for AMF. The failure of the meta-analysis to find an overall significant effect of environment on the FRE colonization ratio is because colonization by FRE in extreme environments was variable among host plants.
Fine root endophytes: impact on host-plant growth
The high levels of colonization by FRE in Australian and New Zealand agricultural systems (BAgricultural environmentsŝ ection) suggest that investigation of their role in pasture and crop growth and nutrition is merited. Few papers have investigated this question, partly due to the difficulties in producing pot cultures (BEvolution of the nomenclature of, and research on, fine root endophytes^section). However, early papers have suggested that FRE can promote plant growth (e.g. Greenall 1963) , with papers in the 1970-1980s reporting that colonization by FRE enhanced plant growth (Johnson 1977; Powell and Daniel 1978; Powell 1979a, b; Williams 1985) , notably for New Zealand grasses (Crush 1973a, b) . For instance, Crush (1973b) found that colonization by FRE significantly improved growth of three grasses (D. glomerata, A. odoratum and Lolium perenne) at extremely low P levels (Truog P ≤ 4 mg kg
), but that FRE may become mildly parasitic following an increase in soil fertility (Crush 1973b; Fig. 10) .
Nevertheless, by the late 1980s, some studies reported that FRE were less competitive than many species of AMF and less beneficial to plant growth (e.g. Buwalda 1980; LopezAguillon and Mosse 1987; Arines et al. 1988 ). More recently, few studies have examined the impact of FRE on the host plant through comparison of colonized and uncolonized plants in glasshouse experiments. However, the results of glasshouse experiments to assess invasive grass establishment indicated that FRE might give invasive grasses a competitive advantage in the USA in regenerating bushland (Hilbig and Allen 2015) and at a nitrogen deposition site (Sigüenza et al. 2006a ). This finding was also noted under field conditions (Sigüenza et al. 2006b ). In addition, some papers have hypothesized an impact on plant growth based on high colonization levels by FRE in field samples. For instance, it was hypothesized that FRE play an important role in Bromeliad epiphytes acquiring scarce nutrients (Rabatin et al. 1993 ) and in aiding plant nutrient uptake under low-temperature conditions (Newsham et al. 2009 ). Further, in the USA, Rabatin (1979) noted that FRE enhanced plant growth in low P conditions (Olsen P < 1 μg g −1 ) allowing meadow grasses to use brief influxes of available P when soil moisture was high. Indeed, following assessment of FRE among meadow sites at different times of the year, Rabatin (1979) concluded that FRE could respond quickly to change, indicating that they may be opportunists that can exploit favorable edaphic conditions. In summary, it seems that FRE have the ability to enhance host phosphorus uptake like that of AMF, at least under extremely low P conditions. However, it is not known if FRE can provide the numerous other benefits ascribed to AMF, such as resistance to pathogens, drought tolerance and uptake of other macro-and micro-nutrients (Smith and Read 2008) . The benefits of a mixed community of AMF and FRE to plant hosts are unknown.
An anticipated resurgence in research of fine root endophytes
We have detailed the history of research on FRE during the period that they were included with AMF in the phylum Glomeromycota. Ahead is an exciting new era of research on FRE as their repositioning as members of the subphylum Mucoromycotina highlights their phylogenetic distinctiveness. Here we propose some possible research questions and directions.
As a priority, there is a need to understand if FRE consist of one or several species-the latter being highly likely (Thippayarugs et al. 1999; Orchard et al. 2017a ). This work requires the establishment of a sound species concept for the group. Further, Mucoromycotina species with some morphological similarities to FRE reportedly colonize bryophytes (Field et al. 2015) . Therefore, the pertinent question is, do the same species of FRE colonize both bryophytes and vascular plants, as is known to occur for some AMF? Fig. 10 The shoot dry weight of Lolium perenne grown for 76 days in a New Zealand glasshouse experiment using grassland soil, either inoculated with a culture of fine root endophytes (FRE; dark green) or without FRE (sterile soil; white), and with treatments: no fertilizer (nil), complete fertilizer minus phosphorus (C-P) or phosphorus supplied (+P). Numbers above the bars indicate the percentage of root length colonized by FRE in the inoculated treatments (reproduced from Crush 1973a) Research on the function of FRE, both individually and in association with AMF, is needed, especially given their cohabitation of many plant roots. This call is especially critical given that much field-based research suggests the presence of a mixed community of AMF and FRE (e.g. Orchard et al. 2016 ). There may be merit, therefore, in designing more complex growth experiments where uncolonized control plants are compared with plants colonized by FRE only, AMF only and a mixture of AMF and FRE.
The evolutionary relationship between FRE (in the Mucoromycotina) and AMF (in the Glomeromycota) must be elucidated. For example, did the arbuscule evolve only once as implied by Morton (1990) or has it evolved independently in earlier common ancestors of these two groups? With current knowledge, it is not possible to come to a satisfactory conclusion on this critical aspect of scientific knowledge.
What is the role of FRE within extreme low-temperature environments? How do they persist within these, and other, extreme conditions? In particular, does this ability reflect an adaptation to survive these conditions per se, or does it represent adaptation in interaction with other factors, such as hostplant signals and competitive release from AMF?
Although the decline in research on FRE was partly due to the difficulty in isolating them, partial success towards their isolation has been achieved through soil sieving and dilution methods (Thippayarugs et al. 1999; Orchard et al. 2017a) . Further refinements to this method may provide a way forward to create a reliable method for their isolation.
Molecular tools directed at sequencing AM fungal communities have not specifically targeted FRE. Even though this omission is understandable, given that FRE are phylogenetically separate from the AMF at the subphylum level, it means that a potentially large component of the arbuscule-forming, root symbiotic community has been excluded from recent molecular studies. Therefore, new targeted primers need to be developed to facilitate further research and to improve understanding of the phylogeny, diversity and ecology of FRE.
Techniques and technologies that have emerged during recent decades for AMF and other fungal endophytes have not been implemented for FRE. Thus, numerous possibilities exist for further research, such as advanced microscopy techniques (e.g. transmission and scanning electron microscopy) and, particularly, in areas such as molecular signalling between FRE and the host plant (e.g. effector molecules, manipulation of host-gene expression and fungal exudates).
Conclusions
Our review of the literature suggests that there are influences on the level of colonization by FRE from the host-plant family, environment and geographic region. The high colonization levels in agricultural environments and, for some host plants, in low-temperature environments suggest that FRE have an important ecological role and that it may be distinct from, or perhaps complementary to, that of AMF. However, the current evidence provides only tantalizing glimpses into their role. Numerous research options offer exciting potential and opportunities to drive research on FRE and provide a better understanding of their function, particularly in agricultural and extreme environments, and so elucidate their role in both natural and human-influenced ecosystems.
